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Introduction
For many proteins, calcium is essential for folding, (thermo)stability, (re)activity and function. One of the most familiar calcium-binding motifs that nature has designed is the EFhand, ¢rst discovered in carp parvalbumin B [1] and subsequently observed in many other proteins [2] . The EF-hand fold consists of a helix-loop-helix module with the two helices forming the ¢nger (helix E) and the thumb (helix F) of a right hand. The loop between helices E and F contains the EF-hand consensus sequence. Oxygen atoms from the residues in positions 1, 3, 5, 7, 9 and 12 of this motif coordinate the calcium ion in a pentagonal bipyramidal fashion [3] .
EF-hand calcium-binding domains are rare among prokaryotic proteins, and have so far only been observed in the periplasmic glucose/galactose-binding proteins (GBP) from Escherichia coli [4] and Salmonella typhimurium [5] . However, recently a metal ion-binding module was identi¢ed in the crystal structure of the E. coli lytic transglycosylase Slt35 that also resembles the EF-hand domains [6, 7] . Slt35 is a naturally occurring, soluble proteolytic fragment (residues 40^361) of the 40 kDa membrane-bound lytic transglycosylase B (MltB) [8, 9] , which is one of the six identi¢ed lytic transglycosylases in E. coli. These enzymes catalyse the cleavage of the L(1,4)-glycosidic bond between N-acetylmuramic acid and N-acetylglucosamine residues in peptidoglycan with concomitant formation of a 1,6-anhydro bond between the C1 and O6 atoms of the N-acetylmuramic acid residue. They are believed to function as space makers to allow the insertion of new peptidoglycan material into the cell wall during growth [10] and as pore makers in the peptidoglycan layer to allow transport of DNA and proteins across the cell wall [11] . Moreover, they have been proposed to act as cell wall zippers during cell division [12] .
The resemblance of the metal ion-binding site in Slt35 to the EF-hand calcium-binding sites suggested that a calcium ion could be present in the native structure. The average ionligand distance was 2.4 A î , which is typical for calcium-oxygen distances. However, some conspicuous di¡erences with other EF-hand calcium-binding domains are noticeable. Firstly, the EF-hand loop of Slt35 does not contain the usual 12 residues, but it consists of 15 residues (residues 237^251), in which the bidentate ligand at position 12 has moved to position 15 (Asp-251). Secondly, the metal ion was coordinated by only six oxygen ligands and not seven as normally observed for EFhand calcium-binding domains [4, 13] . Thirdly, the ligands of the metal ion did not have the typical pentagonal bipyramidal con¢guration, but a distorted octahedral geometry. Fourthly, re¢nement of the metal ion as a calcium resulted in an atomic displacement parameter that was almost twice the average Bfactor of the ligands. As no calcium was present in the crystallisation solutions, the identity of the metal ion bound in the EF-hand domain remained elusive. Here we present conclusive evidence that under natural conditions calcium is present in Slt35. Furthermore, calcium but not other mono-or divalent cations enhances the protein's thermostability.
Materials and methods

Crystal soaking experiments and data collection
The Slt35 protein was isolated [8] and subsequently crystallised in the presence of a bicine-NaOH bu¡er (pH 7.8) [6] . To establish that the metal ion-binding site of Slt35 can bind calcium, two X-ray diffraction data sets were collected from a single crystal. The ¢rst data set (Slt35-Na) was obtained from a native crystal, which had ¢rst been soaked for 30 min in a 0.1 M bicine-NaOH bu¡er, pH 8.0, with 5% PEG20K, and subsequently for 1 min in a cryo-protectant solution consisting of 50 Wl of this bu¡er and 50 Wl of a 87% glycerol solution in water. Data collection was carried out at 120 K. Next, the crystal was thawed and thoroughly washed in a 0.1 M Tris-HCl bu¡er, pH 8.0, with 5% PEG20K and 1 mM CaCl 2 , in order to remove the Na ions. The washing solution was refreshed four times over a period of 2 h. After soaking for 1 min in a cryo-protectant solution (50 Wl 0.1 M Tris-HCl bu¡er, pH 8.0, with 5% PEG20K, 1 mM CaCl 2 and 50 Wl of a 87% glycerol solution in water) the second di¡raction data set (Slt35-Ca) was obtained at 120 K as well. All di¡raction data were collected in house on a DIP 2030H image plate (MacScience) using Cu KK radiation from a Nonius FR591 rotating anode generator with Franks' mirrors. Data were processed with DENZO and SCALE-PACK [14] and the measured intensities were converted to structure factor amplitudes with programs from the Groningen BIOMOL software package. Data collection statistics can be found in Table 1 .
Re¢nement
The starting model for the re¢nement was native Slt35 including all solvent molecules, which had previously been re¢ned at 1.7 A î resolution to an R work of 17.9% and R free of 21.5%. For the re¢nement of Slt35-Na and Slt35-Ca, test set re£ections were selected from the test set used for the re¢nement of the native data. After rigid-body re¢ne-ment (8.0^3.5 A î resolution), the models were re¢ned in several cycles of Powell energy minimisation, occupancy re¢nement of alternate side chain conformations, overall and individual B-factor re¢nement with X-PLOR version 3.843 [15] and manual rebuilding with the program O [16] . In the ¢rst re¢nement cycles, a low resolution cut-o¡ of 6 A î was applied, but towards the end of the re¢nement the cut-o¡ was set to 20.0 A î and a bulk solvent correction was used. The application of resolution-dependent and sigma weighting schemes (1/c 2 ) resulted in lower R free values and smaller di¡erences between R work and R free . The last re¢nement cycle was repeated with all data including the test set. The ¢nal re¢nement statistics are summarised in Table 1 . Stereochemistry was inspected with the programs PROCHECK [17] and WHAT-CHECK [18] . Coordinates and structure factors have been deposited with the Protein Data Bank. The PDB entries are 1QDR for Slt35-Na and 1QDT for Slt35-Ca.
Spectroscopic measurements
Heat-induced unfolding of Slt35 was studied by far-UV circular dichroism (CD) and by £uorescence spectroscopy. For these experiments, 7 mg/ml of Slt35 was dialysed overnight against a solution of 50 mM Tris-HCl (pH 7.4) and 2% isopropanol (to prevent precipitation). For the actual measurements this stock solution was diluted to a protein concentration of 70 Wg/ml. Tris-HCl solutions were chosen, rather than the phosphate bu¡er preferred for CD spectroscopy, to prevent precipitation of calcium phosphate and to avoid the presence of sodium or potassium ions. To study the e¡ect of di¡erent metal ions on unfolding, 1, 10 or 100 mM NaCl, MgCl 2 , KCl or CaCl 2 was added to the protein solution (see Section 3). Far-UV CD and £uo-rescence measurements were performed on an Aviv 62A DS circular dichroism spectrometer equipped with a thermoelectric sample holder for adequate temperature control. CD data were recorded in a 2 mm path length cell. Temperature scans between 25³ and 75³C were performed by increasing the temperature in steps of 1³C, during which the unfolding of Slt35 was monitored by CD at 222 nm recording the signal for 20 s and by £uorescence at 305^500 nm after excitation of tryptophan residues at 295 nm.
Results and discussion
Structure determination of the Slt35-metal ion complexes
The crystal structure of Slt35 has been recently determined at 1.7 A î resolution [6] . The protein is built up of three wellde¢ned domains named the alpha, beta and core domains (Fig. 1) . Residues from the core domain form a large and deep groove, where the peptidoglycan substrate is supposed to bind, and where the active-site residue Glu-162 is located. In the core domain, an EF-hand helix-loop-helix module was found consisting of K-helices H10 (residues 228^234) and H11 (residues 249^262), with residues 237^251 constituting the metal ion-binding loop. However, the nature of the metal ion bound in this domain was not clear. Therefore we carried out two di¡erent soaking experiments with the same crystal. In the presence of 0.1 M bicine-NaOH pH 8.0 (Slt35-Na ; see Table 1 for pertinent details on the structure determination), the metal ion in the EF-hand module was best re¢ned as a Na ion, as judged from the similarity of its atomic displacement parameter to those of the coordinating atoms. The resulting structure is very similar to the high-resolution native Slt35 structure (Table 2) .
However, after extensively washing the crystal to remove the Na ions, and after subsequent soaking of the crystal in a 1 mM Ca 2 -containing solution, a (dF obs (Ca 2 )d 3dF obs (Na )d) di¡erence Fourier electron density map showed a 22c peak at the metal-binding site (Fig. 2C) , indicating that the bound Na ion had been replaced by a Ca 2 ion. After re¢nement, this Ca 2 ion had acquired an atomic displacement parameter that is similar to those of its ligands (Table  3) . From Table 2 it can be seen that the structures of native Slt35, Slt35-Na and Slt35-Ca do not di¡er signi¢cantly, except for some small di¡erences in the metal ion-binding site. Analysis of the B-factor distribution in the Slt35-Na and Slt35-Ca structures shows that the average B-factors are also comparable for the structures. In the only other prokaryotic protein with a calcium-binding site that resembles the EF-hand calcium-binding site, the galactose-binding protein of E. coli, calcium also induced only local conformational changes [19] .
Coordination of the metal ions
In both Slt35-Na and Slt35-Ca, the metal ion is coordinated by six protein oxygen atoms (ON1 of Asp-237, OQ of Ser-239, ON1 of Asp-241, O of His-243, ON1 and ON2 of Asp-251), with an average metal ion-ligand distance of 2.4^2.5 A î ( Fig.  2 and Table 3A) . Nevertheless, distinct di¡erences between the Na and Ca 2 complexed Slt35s can be observed. In the Slt35-Ca structure, a seventh ligand is a water molecule at 2.4 A î distance, whereas this solvent molecule is much further away in the Slt35-Na structure (3.4 A î ). The positions of the Na and Ca 2 ions di¡er by 0.7 A î ( di¡erent (Table 3B ). These di¡erences result in a distorted octahedral coordination of the metal ion in the Slt35-Na structure, and in a pentagonal bipyramidal geometry in the Slt35-Ca structure. Thus, it appears that both Na and Ca 2 ions can bind in the EF-hand module of Slt35. The Slt35-Na structure is very similar to the native Slt35 structure (data not shown), suggesting that a Na ion was present in the latter structure as well.
Heat-induced unfolding of Slt35
To study the functional importance of various monovalent and divalent cations for Slt35, the heat-induced unfolding of Slt35 was followed by CD and £uorescence spectroscopy (Fig.   3 ). The CD spectrum of Slt35 shows strong signals around 197, 209 and 222 nm (Fig. 3A) . The spectrum is typical for Khelical proteins (50% of the Slt35 residues are in an K-helical conformation) and remains virtually the same upon the addition of sodium, magnesium, potassium or calcium ions. This indicates that these metal ions do not signi¢cantly in£uence the secondary structure of Slt35. The intensity of the CD signal at 222 nm was used to follow the unfolding of Slt35, because K-helices have a maximal signal at this wavelength. In the absence of cations, Slt35 shows a sharp thermal transition stage from 46 to 50³C with the melting temperature T m , the temperature at the midpoint of the transition curve, at 48³C (Fig. 3B) . Addition of 10 mM sodium, magnesium, or potas- 170^215 ) and beta domain (residues 270^329) are respectively found at the bottom and top of Slt35 in the orientation as depicted in the ¢gure. The core domain with the active site residue Glu-162 in bold is sandwiched between the alpha and beta domains and contains residues 109^169, 216^269 and 330^361. The metal ion-binding site (M) is located in a loop of 15 residues (residues 237^251) between K-helices H10 (residues 228^234) and H11 (residues 249^262). The ¢gure was prepared with MOLSCRIPT [23] . ) of Slt35-Na (white) and Slt35-Ca (black) using the CK atoms. A c A -weighted (dF obs (Ca 2 )d3dF obs (Na )d) electron density map contoured at 10c (peak height is 22c) is superimposed on the models. Phases derived from the ¢nal Slt35-Na model were used to calculate this electron density map. The nitrogen and oxygen atoms are respectively displayed in grey and white. The ¢gure was prepared with BOBSCRIPT [24] . sium ions does not signi¢cantly a¡ect the thermal transition stage. However, in the presence of 1 or 10 mM calcium, the melting temperature of Slt35 increases to about 55.5³C, indicating that calcium binds to Slt35 and improves its thermostability. Unfortunately, temperature backscans from 75 to 25³C showed that the heat-induced unfolding of Slt35 was irreversible. Even in the presence of 100 mM NaCl, 1 mM CaCl 2 still increases the enzyme's thermostability (T m is 58³C compared to 53.5³C for 100 mM NaCl alone, see Fig. 3C ). From this we conclude that the a¤nity of the enzyme for calcium ions is signi¢cantly higher than for sodium ions.
Heat-induced unfolding of Slt35 was also monitored by £uorescence spectroscopy. Fig. 3D shows that the thermal transition stages obtained by this method are in good agreement with the results from the CD experiments. Both techniques show that the thermostability of Slt35 is increased in the presence of calcium.
Function of the EF-hand in MltB transglycosylases
Amino acid sequence comparisons show that the EF-hand consensus sequence is conserved among the MltB transglycosylases (Fig. 4) . This suggests that the EF-hand domain is of functional importance. Above we have shown that the EFhand preferentially binds Ca 2 ions, and that Ca 2 ions increase the thermostability of the enzyme. Thus the EF-hand calcium-binding site of Slt35 is important for stability.
Nevertheless, other functions of the EF-hand domain may be possible. Eukaryotic proteins with multiple EF-hand calcium-binding domains often show conformational changes upon calcium binding, which is a crucial step in Ca 2 -dependent signal transduction [2] . Slt35 has only a single EF-hand domain, and the comparison of the Slt35-Na and Slt35-Ca structures did not reveal large structural di¡erences, making a function in signal transduction unlikely. Furthermore, a direct role of the EF-hand domain in the reaction mechanism is also unlikely, since the calcium-binding site is V20 A î from the active site and not close to any putative substrate-binding region.
In contrast, the exposed position of the EF-hand domain might allow it to interact with other proteins. It has been shown that Slt35 interacts with the penicillin-binding proteins 1B, 1C or 3 [20] . Unfortunately, it is not known which residues are involved in these interactions. Furthermore, the EFhand domain could play a role in facilitating the folding of MltB after its translocation to the periplasm. A role in aiding folding has been proposed for the calcium-binding site in equine lysozyme [21] , which has a fold resembling that of the core domain of Slt35, and which contains a calcium-binding site in a position similar to that of Slt35. As the calcium concentration in the periplasm is about 0.1^1 mM [22] , this would be su¤cient to stabilise the fold of Slt35. However, further research is required to unambiguously establish any other functional role for the EF-hand domain in the MltBs besides its importance for stability. Fig. 3 . CD and £uorescence spectroscopy studies on Slt35. A: CD spectra of Slt35 (70 Wg/ml) in the absence or presence of 1 mM CaCl 2 . The control sample consisted of 50 mM Tris-HCl, pH 7.4, and 2% isopropanol. B: Heat-induced unfolding of Slt35 in the absence or presence of 10 mM mono-and divalent ions as monitored by CD at 222 nm. C: Heat-induced unfolding of Slt35 in the absence or presence of 1 mM CaCl 2 with or without 100 mM NaCl as monitored by CD at 222 nm. D: Heat-induced unfolding of Slt35 monitored by £uorescence spectroscopy at 305^500 nm after excitation at 295 nm. In all experiments, the protein (70 Wg/ml) was dissolved in 50 mM Tris-HCl, pH 7.4, and 2% isopropanol, in either the presence or absence of metal ions as indicated. Fig. 4 for the de¢nition of the coordination in the EF-hands. Sequences were obtained via the BLAST server of the NCBI [25] . Residue labeling of the E. coli Slt35 and the K-helices H10 and H11 of Slt35 are indicated at the top of the ¢gure. Residues at the X, Y, Z, 3X, and 3Z positions coordinate the metal ion with an oxygen atom of their side chain. The side chain of the 3X residue is too short and the coordination occurs via a bridging water molecule. The 3Y residue uses a main-chain carbonyl oxygen atom to coordinate the ion. The carboxylate at 3Z coordinates the calcium ion with both oxygen atoms. X and 3X de¢ne the unique axis of a pentagonal bipyramid [3] . Alignment of the sequences was done with the program CLUSTALW [26] . After the catalytic residues the EF-hand loop is the second most conserved region in the MltB transglycosylases.
